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UHGXFWLRQ LQZHLJKWDQGFUDVKULVN7KLVSDSHU LVFRQFHUQHGZLWK'XDO3KDVH6WHHO '3ZKLFK LVRQHRI WKH
PRVWZLGHO\XVHGW\SHVRI$+66E\FDUPDQXIDFWXUHUVKuziak, A. Camoletto
'XDOSKDVHVWHHO'3KDVDPLFURVWUXFWXUHFRPSRVHGRIVRIWIHUULWHDQGRIKDUGPDUWHQVLWHRUPDUWHQVLWH
DXVWHQLWH LVODQGV J .R. Bradley 7KH VWUHQJWK RI WKH '3 VWHHO PLFURVWUXFWXUH LV GHWHUPLQHG E\ WKH DPRXQW RI
PDUWHQVLWHZKLFK LV GHYHORSHGE\ WKH WUDQVIRUPDWLRQRI DXVWHQLWH GXULQJTXHQFKLQJ DIWHU KRW UROOLQJRU DQQHDOLQJ
Kuziak
$ PDMRU GLVDGYDQWDJH RI GXDO SKDVH VWHHOV LV WKHLU UHVLVWDQFH WR GHIRUPDWLRQ DQG VSULQJ EDFN HIIHFWV LQ
FRPSDULVRQZLWKFRQYHQWLRQDOVWHHOV$FFRUGLQJWRNeugebauerKHDWWUHDWPHQWRIWKH'3VWHHOOHDGVWRDQLQFUHDVHG
IRUPDELOLW\ FRPSDUDEOH WR FRQYHQWLRQDOPLOG VWHHOVZLWKRXW VSULQJ EDFNNeugebauer UHFRPPHQGHG D ODVHU KHDW
WUHDWPHQWWRLPSURYHWKHIRUPDELOLW\ORFDOO\ZLWKRXWFRPSURPLVLQJWKHZKROHEXONVWUHQJWK
/DVHUIRUPLQJ/)LVDQRQFRQWDFWSURFHVVRIVKDSLQJPHWDOOLFDQGQRQPHWDOOLFVKHHWVE\LQGXFLQJWKHUPDOVWUHVV
XVLQJ D GHIRFXVHG ODVHU EHDP ZLWKRXW DQ\ PHOWLQJ /DVHU IRUPLQJ KDV D SRWHQWLDO RI WKH LQGXVWULDO SURPLVH RI
FRQWUROOHGVKDSLQJRIPHWDOOLFDQGQRQPHWDOOLFFRPSRQHQWVIRUSURWRW\SLQJFRUUHFWLRQRIGHVLJQVKDSHRUGLVWRUWLRQ
DQGSUHFLVLRQDGMXVWPHQWDSSOLFDWLRQV
7KH WKHUPDO VWUHVV FDQ LQGXFH SHUPDQHQW SODVWLF VWUDLQV EHQGLQJ VKRUWHQLQJ RU EXFNOLQJ WKH ZRUNSLHFH
GHSHQGLQJRQWKHJHRPHWU\SURFHVVSDUDPHWHUVDQGWKHPHFKDQLVPDFWLYH
7KLVZRUNLVFRQFHUQHGZLWKWKHVKRUWHQLQJPHFKDQLVP(GZDUGVRQHWDOZKHUHDODUJHEHDPGLDPHWHUFRPSDUH
ZLWKWKHWKLFNQHVVDQGVORZSURFHVVVSHHGLQGXFHVLQSODQHVKULQNDJH7KLVLVSDUWLFXODUO\XVHIXOIRUWKHIRUPLQJRI
WXEXODU DQG ER[ VHFWLRQ JHRPHWULHV XVHG LQ VWUXFWXUDO FRPSRQHQW LQ WKH DXWRPRWLYH LQGXVWULHV 5HFHQW ZRUN KDV
VKRZQWKHSURFHVVFDQEHXVHGWRIRUPVTXDUHVHFWLRQWXEHV6KHLNKROHVODPLHWDO
/DVHUIRUPLQJKDVEHHQVKRZQWREHDYLDEOHDOWHUQDWLYHWRORFDOO\KHDWDQGIRUP$+66GHVSLWHWKHVHQVLWLYLW\RI
PDWHULDOWRKHDW*ULIILWKVHWDOLQYHVWLJDWHGWKHSRWHQWLDOWRIRUPKHDWVHQVLWLYHGXDOSKDVHVWHHOE\WKHODVHUEHQGLQJ
SURFHVVZLWKLQPHWDOOXUJLFDOFRQVWUDLQWVE\RSWLPLVDWLRQRISURFHVVSDUDPHWHUV*ULIILWKVFODVVLILHGWZRWHPSHUDWXUH
UHJLPHVZKHUHWKH'3H[SHULHQFHGDUHGXFWLRQLQKDUGQHVV:LWKLQDORZWHPSHUDWXUHKHDWLQJUHJLPHDORVVRI
WHWUDJRQDOLW\LQWKHPDUWHQVLWHUHJLRQUHVXOWHGLQDVOLJKWUHGXFWLRQLQKDUGQHVV:LWKLQDKLJKHUWHPSHUDWXUHUHJLPH
RIJUHDWHUWKDQWKHXSSHUFULWLFDOWUDQVIRUPDWLRQWHPSHUDWXUHLQPLOGVWHHORIHTXLYDOHQWFDUERQFRQWHQW
.DPDMRUORVVRIKDUGQHVVZDVREVHUYHGGXHWRDXVWLQL]DWLRQHIIHFWV
)XUWKHU VWXGLHV SUHVHQWHG LQ WKLV SDSHU RQ GXDO SKDVH VWHHO '3 LQGLFDWH D PRUH FRPSOH[ UHODWLRQVKLS
EHWZHHQWKHJHQHUDWLRQDQGPDLQWHQDQFHRIKDUGQHVVYDOXHVLQWKHKHDWHG]RQH$ODVHUVXUIDFHKDUGHQLQJHIIHFWKDV
EHHQREVHUYHGWKDWFRXOGEHEHQHILFLDOWRWKHHIILFLHQF\RIWKHIRUPLQJSURFHVV
/DVHUVXUIDFHKDUGHQLQJGHSHQGVRQODVHUSURFHVVLQJYDULDEOHVDVZHOODVLQWHUDFWLRQWLPHWRSURGXFHDPDUWHQVLWLF
VWUXFWXUHLQVWHHO-6HQWKLO6HOYDQDHWDO7KH\FKDUDFWHULVHGWKHODVHU WUDQVIRUPDWLRQKDUGHQLQJSURFHVV LQWRWKUHH
EDVLFVWHSV$QLQFUHDVHLQWHPSHUDWXUHDERYHDFULWLFDOSRLQWRIWKHVWHHO$FIROORZHGE\UDSLGVHOITXHQFKLQJ
LQWRWKHEXONPDWHULDO7\SLFDOO\LQORZFDUERQVWHHOVDVWKHVXUIDFHWHPSHUDWXUHLVEURXJKWWR±.ZLWKLQD
VKRUWLQWHUDFWLRQWLPHWKHRULJLQDOSHDUOLWHPRUSKRORJ\WUDQVIRUPVLQWRDPHWDVWDEOHPDUWHQVLWHZKLFKLQFUHDVHVWKH
KDUGQHVVQRWRQO\RQWKHVXUIDFHRIWKHVWHHOEXWWRDGHSWKRIPP'3LVDOVRFRQVLGHUHGDORZFDUERQ
VWHHODQGVRVKRXOGEHKDYHLQDVLPLODUZD\
,QWKLVSDSHURSWLPLVDWLRQRIWKHODVHUIRUPLQJSURFHVVSDUDPHWHUVKDVEHHQFRQGXFWHGWRIXUWKHUXQGHUVWDQGWKH
LPSDFW RI D VXUIDFH KHDW WUHDWPHQW RQ PP WKLFN'3$ )( QXPHULFDO VLPXODWLRQ KDV EHHQ GHYHORSHG WR
DQDO\VHWKHG\QDPLFWKHUPRPHFKDQLFDOHIIHFWV7KHJRDORIWKHRSWLPLVDWLRQKDVEHHQWRGHYHORSDXVDEOHSURFHVV
ZLQGRZIRUWKHODVHUIRUPLQJRI$+66PDWHULDOVZLWKLQVWULFWPHWDOOXUJLFDOFRQVWUDLQWV

 ([SHULPHQWDO

$QLQLWLDOHPSLULFDOVWXG\ZDVFRQGXFWHGRQJUDSKLWHFRDWHG'3VWHHOVKHHWZLWKWKHWKLFNQHVVRIPP
XVLQJDN:&27(0ODVHURSHUDWLQJDWDZDYHOHQJWKRIȝP DQGLQFRQWLQXRXVZDYHPRGHDQGDQ
LQGXVWULDOD[LVJDQWU\7KHVSHHGUDQJHZDVIURPPPVWRPPVZLWKWKHEHDPVSRWVL]HRIPPDQGODVHU
SRZHURI:DQG:7KHSDVVQXPEHUVZHUHIURPVLQJOHWRILYHSDVVHV
7RVWXG\WKHHIIHFWRIWKHSURFHVVRQWKHPHWDOOXUJLFDOSURSHUWLHVRIWKHPDWHULDOD9LFNHUVPLFURKDUGQHVVWHVW
ZLWK WKH VSHFLILFDWLRQ+9 ZLWK  NJ ORDGZDV XVHG WRPHDVXUH WKH KDUGQHVV RI WKH VDPSOHV WKH VSHFLILF
VDPSOHSUHSDUDWLRQLVGHVFULEHGLQ6KHLNKROHVODPLHWDO
$ )( QXPHULFDO VLPXODWLRQ KDV EHHQ GHYHORSHG LQ &2062/ 0XOWLSK\VLFV YV  WR DQDO\VH WKH G\QDPLF
WKHUPRPHFKDQLFDOHIIHFWV7KHLQWHQVLW\GLVWULEXWLRQI RIWKHLQFLGHQWODVHUEHDPZDVDSSUR[LPDWHGE\D*DXVVLDQ
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
:KHUH,LVWKHSHDNLQWHQVLW\:P3LVWKHDYHUDJHODVHUSRZHU:ULVUDGLDOGLVWDQFHPDQGȦLVWKH
EHDPUDGLXVP
7KH )(0 PRGHO KDV EHHQ YDOLGDWHG DJDLQVW H[SHULPHQWDO EHQG DQJOH 6KHLNKRHOVODPL HW DO 7KH PRGHO ZDV
FRQFHLYHG EDVHG RQ HPSLULFDO SURFHVVLQJ FRQGLWLRQV $OO GHILQHG PDWHULDO SURSHUWLHV ZHUH HPSLULFDOO\ IRXQG
WHPSHUDWXUHGHSHQGHQWSURSHUWLHVRI'37KHERXQGDU\FRQGLWLRQVZHUHVHWIRUFRQYHFWLYHDQGUDGLDWLYHKHDW
ORVV7KHVDPSOHKDVEHHQFODPSHGIURPRQHVLGHRQO\DORQJDQHGJH7KHJHQHUDOLVHGDOSKDVROYHUKDVEHHQXVHGWR
GHYHORSWKHPRGHO)LJXUHVKRZVWKHLUULWDWLRQSDWKZLWKDYHU\ILQHPHVKGHQVLW\
7KHJOREDOPHVKHOHPHQWVL]HZDVVHWWRFRDUVHDQGDORQJWKHLUUDGLDWLRQSDWKDVXLWDEOHPD[LPXPHOHPHQWZDV
IRXQGWREHPPGHWHUPLQHGE\DFRQYHUJHQFHVWXG\


)LJ)(PRGHOGHYHORSHGIRU'3VKRZLQJWKHGLUHFWLRQRID*DXVVLDQEHDPWUDYHOOLQJWRZDUGWKHHQGRIFRXSRQ
 5HVXOWV

7KHQXPHULFDOPRGHOKDVEHHQGHYHORSHGWRDQDO\VHWKHG\QDPLFWKHUPRPHFKDQLFDOHIIHFWVGXULQJODVHUIRPLQJ
RIPPWKLFN'3WRSUHGLFWWKHWHPSHUDWXUHWRIXUWKHUXQGHUVWDQGWKHLPSDFWRIDVXUIDFHKHDWWUHDWPHQW

3.1. Model validation  

9DOLGDWLRQ RI HPSLULFDO UHVXOWV ZLWK )( PRGHOOLQJ E\ &2062/ 0XOWLSK\VLFV IRU D VLQJOH SDVV XVLQJ WKH
RSWLPXPRISRZHURI:PPEHDPGLDPHWHUDQGPPVWUDYHUVVSHHGIRU(1(&5WXEHRI
PP[PP[PPSheikhoelslami et al).
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
)LJ9DOLGDWLRQRIHPSLULFDOUHVXOWVZLWK)(PRGHOOLQJIRUDVLQJOHSDVVXVLQJWKHRSWLPXPRI:PPEHDPGLDPHWHUDQGPPVWXEXODU
GLVSODFHPHQW
3.2. Effect of speed 

,QLWLDOO\WKHHIIHFWRIWUDYHUVHVSHHGRQWKHPLFURKDUGQHVVDORQJWKHLUUDGLDWLRQSDWKWKURXJKRXWWKHWKLFNQHVVRI
FRPSRQHQWZDVGHWHUPLQHG7KLVZDVFRQGXFWHGE\XVLQJDFRQVWDQWSRZHUDQGEHDPVSRWVL]HZKLOVWYDU\LQJVSHHG
WRVWXG\ WKHHIIHFWRI LQWHUDFWLRQ WLPH ,WFDQEHVHHQ LQ)LJXUH WKDWDV WKHVSHHGGURSVDQG WKH LQWHUDFWLRQ WLPH
LQFUHDVHV WKH WHPSHUDWXUH LQFUHDVHV DQG D VXEVHTXHQW D ORVV RI KDUGQHVV LQ WKH KHDWHG ]RQH DW WKH PLGSRLQW LV
REVHUYHG
7KLVFDQEHDWWULEXWHGWRWHPSHULQJGXHWRDXVWLQL]DWLRQ,WFDQEHDOVREHHQVHHQLQILJXUHWKDWDWWKHVSHHGRI
PPV WKHUH DSSHDUV WR EH VRPH UHFRYHU\ RI WKH PLFUR KDUGQHVV YDOXH )LJXUH  VKRZV WKH FRUUHVSRQGLQJ
WHPSHUDWXUHVIURPWKHPRGHORXWSXWIRUWKHPLGSRLQWRIWKHVDPSOH



)LJ7KHHIIHFWRIYDU\LQJVSHHGRQKDUGQHVVRI'3PPWKLFNQHVV7KHKLJKOLJKWHGDUHDVKRZVWKHKDUGQHVVRI'3DVUHFHLYHG
ZLWKRXWDQ\KHDWWUHDWPHQW
 
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,WFDQEHVHHQWKDWDWWKHVSHHGVRIPPVDQGPPVWKHWHPSHUDWXUHKDVH[FHHGHGWKHFULWLFDODXVWLQL]DWLRQ
WHPSHUDWXUH RI DSSUR[LPDWHO\  . +RZHYHU DW  PPV WKH WHPSHUDWXUH LV KLJKHU DJDLQ DQG WKH WLPH DW
WHPSHUDWXUH LV ORQJHU WKHUHIRUH D ODVHU VXUIDFH KDUGHQLQJ HIIHFW LV SRVVLEOH 7KH WKURXJK VHFWLRQ WHPSHUDWXUH
GLVWULEXWLRQDWWKHPLGSODQHRIWKHVDPSOHFDQEHVHHQLQILJXUH






















)LJ9DULDWLRQRI9+ZLWKLQFUHDVLQJWUDYHUVHVSHHGIURPPPVWRPPVZLWKWKHSRZHURIZDQGEHDPGLDPHWHURIPP
7HPSHUDWXUHVKDYHEHHQREWDLQHGE\)(PRGHO7KHKLJKOLJKWHGDUHDVKRZVWKHKDUGQHVVRI'3DVUHFHLYHGZLWKRXWDQ\KHDWWUHDWPHQW
)LJ7HPSHUDWXUHGLVWULEXWLRQWKURXJKWKLFNQHV7KHSURFHVVSDUDPHWHUVDUHSRZHURIZEHDPVSRWVL]HRIPPWKHWUDYHUVHVSHHGRI
PPVDQGVHFRQG
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3.3. Effect of multiple passes 

0XOWLSOHSDVVHVZHUHVWXGLHGWRLQYHVWLJDWHWKHHIIHFWRIWLPHDWWHPSHUDWXUHRQWKHORVVPHFKDQLVP7KHUHVXOWV
LQGLFDWH WKDW LQ D VLQJOH SDVV WKHUH LV D VLJQLILFDQW ORVV RI KDUGQHVV IRU VRPH FRQGLWLRQV+RZHYHU IRUPXOWLSDVV
FRQGLWLRQVWKHUHLVDUHFRYHU\RIKDUGQHVVOLNHO\GXHWRDODVHUKDUGHQLQJHIIHFWILJXUH
0XOWLSOHSDVVHVLQFOXGHILYHSDVVHVZLWKWZRGLIIHUHQWGZHOOWLPHVVHFRQGVDQGVHFRQGVZLWKWKHSRZHURI
:DEHDPVSRW VL]HRIPPDQGD WUDYHUVH VSHHGRIPPV7KLVZDV WR IXUWKHUXQGHUVWDQG WKHHIIHFWRI
LQWHUDFWLRQWLPHDVZHOO
7KH)(PRGHOZDVXVHGWRSUHGLFWWKHWHPSHUDWXUHDWWKHWRSVXUIDFHWKHPLGSRLQWRIWKHWKLFNQHVVDWPP
DQGDWWKHERWWRPRIWKHFRXSRQ7KLVZDVWKHVDPHSRVLWLRQRIWKHPLFURKDUGQHVVWHVWVILJXUH


)LJ9LFNHUVPLFURKDUGQHVVDWVHYHQGLIIHUHQWSRLQWVWKURXJKWKHPLGGOHRIWKLFNQHVVPPZLWKLQFUHDVLQJQXPEHURISDVVHVZLWKGZHOO
WLPHRIV3DUDPHWHUVXVHGZHUHSRZHURI:WUDYHUVVSHHGRIPPVDQGWKHEHDPVSRWVL]HRIPPXSWRQXPEHURISDVVHV7KH
KLJKOLJKWHGDUHDVKRZVWKHKDUGQHVVRI'3DVUHFHLYHGZLWKRXWDQ\KHDWWUHDWPHQW


)LJ7HPSHUDWXUHIRUSDVVHVREWDLQHGE\)(PRGHOIRUWKUHHGLIIHUHQWSRLQWVWKURXJKWKHPPWKLFNQHVVRI'3,WFDQEHVHHQWKDW
WKHUHLVQRWPXFKGLIIHUHQFHLQWHPSHUDWXUHEHWZHHQWKHPLGSRLQWDQGWKHERWWRP3DUDPHWHUVXVHGZDVSRZHURI:WUDYHUVVSHHGRI
PPVDQGWKHEHDPVSRWVL]HRIPP
ϮϰϬ
ϮϱϬ
ϮϲϬ
ϮϳϬ
ϮϴϬ
ϮϵϬ
ϯϬϬ
ϯϭϬ
ϯϮϬ
ϯϯϬ
ϯϰϬ
ϯϱϬ
ϯϲϬ
ϯϳϬ
Ͳϲ Ͳϰ ͲϮ Ϭ Ϯ ϰ ϲ
s,
tŝĚƚŚ΀ŵŵ΁
WсϲϬϬ΀ǁ΁͕ǀсϭϬ΀ŵŵͬƐ΁͕сϴ΀ŵŵ΁͕ϭͲϱƉĂƐƐĞƐ͕ϯϬƐĚǁĞůůƚŝŵĞ
ƉĂƐƐϭ
ƉĂƐƐϮ
ƉĂƐƐϯ
ƉĂƐƐϰ
ƉĂƐƐϱ
ϮϱϬ
ϯϱϬ
ϰϱϬ
ϱϱϬ
ϲϱϬ
ϳϱϬ
ϴϱϬ
ϵϱϬ
ϭϬϱϬ
ϭϭϱϬ
ϭϮϱϬ
ϭϯϱϬ
ϭϰϱϬ
ϭϱϱϬ
Ϭ ϱϬ ϭϬϬ ϭϱϬ
dŽƉ
DŝĚ
ŽƚƚŽŵ
ƚŝŵĞ΀Ɛ΁
dĞ
ŵ
ƉĞ
ƌĂ
ƚƵ
ƌĞ
΀Ŭ
΁
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)LJXUHVKRZV WKHVDPHFRQGLWLRQVDV LQILJXUHEXWFKDQJLQJ WKHGZHOO WLPHEHWZHHQSDVVHV$V WKH ORVVRI
KDUGQHVV LV OLQNHG ZLWK WHPSHUDWXUH ZLWK WKH VKRUWHU GZHOO WLPH WKHUH LV D GHILQLWH ORVV PHFKDQLVP ZLWKRXW
VLJQLILFDQWUHFRYHU\7KLVFRXOGEHGXHWRDORVVRITXHQFKUDWHDVWKHEXONKHDWVXS7KLVFDQEHVHHQLQILJXUH


)LJ9LFNHUVPLFURKDUGQHVVDWVHYHQGLIIHUHQWSRLQWVWKURXJKWKHPLGGOHRIWKLFNQHVVPPZLWKLQFUHDVLQJQXPEHURISDVVHVZLWKGXDOWLPH
RIV3DUDPHWHUVXVHGZDHUHSRZHURI:WUDYHUVVSHHGRIPPVDQGWKHEHDPVSRWVL]HRIPPXSWSQXPEHURISDVVHV


)LJ7HPSHUDWXUHLQWLPHIRUSDVVHVIRUWKUHHGLIIHUHQWSRLQWVWKURXJKWKHPPWKLFNQHVVRI'3$VWKHJUDSKVKRZVWKHUHLVQRWPXFK
GLIIHUHQFHRIWHPSHUDWXUHEHWZHHQPLGSRLQWDQGERWWRP3DUDPHWHUVXVHGZDVSRZHURI:WUDYHUVVSHHGRIPPVDQGWKHEHDPVSRWVL]H
RIPP



ϮϮϬ
ϮϯϬ
ϮϰϬ
ϮϱϬ
ϮϲϬ
ϮϳϬ
ϮϴϬ
ϮϵϬ
ϯϬϬ
ϯϭϬ
ϯϮϬ
ϯϯϬ
ϯϰϬ
Ͳϰ͕ϱ Ͳϰ Ͳϯ͕ϱ Ͳϯ ͲϮ͕ϱ ͲϮ Ͳϭ͕ϱ Ͳϭ ͲϬ͕ϱ Ϭ Ϭ͕ϱ ϭ ϭ͕ϱ Ϯ Ϯ͕ϱ ϯ ϯ͕ϱ ϰ ϰ͕ϱ
s,
ǁŝĚƚŚ΀ŵŵ΁
ƉсϲϬϬ΀ǁ΁͕ǀсϭϬ΀ŵŵͬƐ΁͕ǁϬсϴ΀ŵŵ΁͕ϭͲϱƉĂƐƐĞƐ͕ϭϮƐĚǁĞůůƚŝŵĞ
ƉĂƐƐϭ
ƉĂƐƐϮ
ϯƉĂƐƐĞƐ
ϰƉĂƐƐĞƐ
ϱƉĂƐƐĞƐ
ϮϬϬ
ϯϬϬ
ϰϬϬ
ϱϬϬ
ϲϬϬ
ϳϬϬ
ϴϬϬ
ϵϬϬ
ϭϬϬϬ
ϭϭϬϬ
ϭϮϬϬ
ϭϯϬϬ
ϭϰϬϬ
ϭϱϬϬ
ϭϲϬϬ
Ͳϭϱ ϱ Ϯϱ ϰϱ ϲϱ
dŽƉ
DŝĚ
ŽƚƚŽŵ
dĞ
ŵ
ƉĞ
ƌĂ
ƚƵ
ƌĞ
΀Ŭ
΁
dŝŵĞ΀Ɛ΁
ƉсϲϬϬ΀ǁ΁͕ǀсϭϬ΀ŵŵͬƐ΁͕ǁϬсϴ΀ŵŵ΁͕ϭͲϱ ƉĂƐƐĞƐ͕ϭϮƐĚǁĞůůƚŝŵĞ
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7KHILJXUHVDQGLQGLFDWHWKHHIIHFWRIGZHOOWLPHLQWKHPLGSRLQWWKURXJKWKLFNQHVVDWPP


)LJ9DULDWLRQRI9+ZLWKWHPSHUDWXUHIRUSDVVHVZLWKVGZHOOWLPHIRUPLGSRLQWWKURXJKWKLFNQHVV3DUDPHWHUVXVHGZHUHSRZHURI
:7UDYHUVVSHHGRIPPVDQGWKHEHDPVSRWVL]HRIPPDQGWHPSHUDWXUHREWDLQHGIURP)(PRGHO7KHKLJKOLJKWHGDUHDVKRZVWKHKDUGQHVV
RI'3DVUHFHLYHGZLWKRXWDQ\KHDWWUHDWPHQW



)LJ9DULDWLRQRI9+ZLWKWHPSHUDWXUHIRUSDVVHVZLWKVGZHOOWLPHIRUPLGSRLQWWKURXJKWKLFNQHVV3DUDPHWHUVXVHGZHUHSRZHURI
:7UDYHUVVSHHGRIPPVDQGWKHEHDPVSRWVL]HRIPPDQGWHPSHUDWXUHREWDLQHGIURP)(PRGHO7KHKLJKOLJKWHGDUHDVKRZVWKHKDUGQHVV
RI'3DVUHFHLYHGZLWKRXWDQ\KHDWWUHDWPHQW
$VFDQEHVHHQGZHOOWLPHKDVDVLJQLILFDQWHIIHFWRQODVHUKDUGHQLQJDQGWKHUHIRUHWKHUHJHQHUDWLRQRIPDUWHQVLWH
WRUHFRYHUWKHKDUGQHVVORVV
)URP )LJXUHV  DQG  VKRZ WKDW D VKRUWHU GZHOO WLPH SURGXFHV KLJKHU WHPSHUDWXUHV GXULQJPXOWLSDVV ODVHU
IRUPLQJEXWQRVLJQLILFDQWUHFRYHU\LQKDUGQHVV$VZHDUHREVHUYLQJDVLQJOHSRLQWLQWKHPLGGOHRIWKHVDPSOHWKLV
FRXOGPDVNDPRUHFRPSOH[LQWHUDFWLRQDQGIXUWKHUZRUNLVUHTXLUHGWRFRQILUPWKLV


ƉĂƐƐϭ
ƉĂƐƐϮ
ƉĂƐƐϯ ƉĂƐƐϰ
ƉĂƐƐϱ
ϮϰϬ
ϮϱϬ
ϮϲϬ
ϮϳϬ
ϮϴϬ
ϮϵϬ
ϯϬϬ
ϯϭϬ
ϯϮϬ
ϯϯϬ
ϯϰϬ
ϯϱϬ
ϯϲϬ
ϯϳϬ
ϯϴϬ
ϭϮϮϬ ϭϮϰϬ ϭϮϲϬ ϭϮϴϬ ϭϯϬϬ ϭϯϮϬ ϭϯϰϬ
s,
dĞŵƉĞƌĂƚƵƌĞ΀Ŭ΁
ƉсϲϬϬ΀ǁ΁͕ǀсϭϬ΀ŵŵͬƐ΁͕ǁϬсϴ΀ŵŵ΁͕ϭͲϱƉĂƐƐĞƐ͕ϯϬƐĚǁĞůůƚŝŵĞ
ƉĂƐƐϭ
ƉĂƐƐϮ
ƉĂƐƐϯ
ƉĂƐƐϰ ƉĂƐƐϱ
ϮϰϬ
ϮϱϬ
ϮϲϬ
ϮϳϬ
ϮϴϬ
ϮϵϬ
ϯϬϬ
ϯϭϬ
ϯϮϬ
ϯϯϬ
ϯϰϬ
ϭϮϮϬ ϭϮϰϱ ϭϮϳϬ ϭϮϵϱ ϭϯϮϬ ϭϯϰϱ ϭϯϳϬ ϭϯϵϱ ϭϰϮϬ ϭϰϰϱ ϭϰϳϬ
s,
dĞŵƉĞƌĂƚƵƌĞ΀Ŭ΁
ƉсϲϬϬ΀ǁ΁͕ǀсϭϬ΀ŵŵͬƐ΁͕ǁϬсϴ΀ŵŵ΁͕ϭͲϱƉĂƐƐĞƐ͕ϭϮƐĚǁĞůůƚŝŵĞ
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 &RQFOXVLRQ

$)(QXPHULFDOVLPXODWLRQKDVEHHQGHYHORSHGWRDQDO\VHVWKHG\QDPLFWKHUPRPHFKDQLFDOHIIHFWV7KHPDLQ
FRQFOXVLRQVRIWKLVZRUNRQODVHUKHDWWUHDWPHQWRIXOWUDKLJKVWUHQJWKVWHHOVDUH,QSURFHVVODVHUKHDWWUHDWPHQWV
KDYHWKHSRWHQWLDOWRLPSURYHWKHIRUPDELOLW\RIXOWUDKLJKVWUHQJWKVWHHOV/DVHUIRUPLQJRI'3FDQFDXVHD
UHGXFWLRQLQSRVWIRUPLQJKDUGQHVVIRUFHUWDLQFRQGLWLRQV7KHHIIHFWLVOLNHO\GXHWRWHPSHULQJRIPDUWHQVLWH7KLVLV
QRWGHVLUDEOHDVWKLVFRXOGFDXVHDVWUHVVFRQFHQWUDWLRQIHDWXUHDQGDSRWHQWLDOIDLOXUHSRLQWIRUDVWUXFWXUDO
FRPSRQHQW$ORZHUVSHHGDQGKLJKHUUHDOLVHGWHPSHUDWXUHVDSSHDUVWRUHFRYHUWKHSRVWIRUPLQJKDUGQHVVORVVWKLV
LVOLNHO\GXHWRDODVHUKDUGHQLQJHIIHFW$VWKHYHORFLW\LVORZHQRXJKWRUDLVHWHPSHUDWXUHVXIILFLHQWO\KLJKHQRXJK
DQGWKHLQWHUDFWLRQWLPHLVVXIILFLHQWO\ORQJHQRXJKIROORZHGE\DVHOITXHQFKLQJDUHJHQHUDWLRQRIWKHPDUWHQVLWH
DSSHDUVWRRFFXU:KLOVWDUHKDUGHQLQJLVQRWXVHIXOIRUFRQYHQWLRQDOIRUPDELOLW\IRU/)LWLVDXVHIXOSRVWIRUPLQJ
KHDWWUHDWPHQWHIIHFWWRPDVNDQ\XQZDQWHGVLGHHIIHFWV:LWKWKHUHFRYHU\RIKDUGQHVVEHLQJWKHJRDORIWKH
RSWLPL]DWLRQDZLGHUSURFHVVZLQGRZIRUWKHODVHUIRUPLQJRI$+66PDWHULDOVZLWKLQVWULFWPHWDOOXUJLFDOFRQVWUDLQWV
PD\WKHUHIRUHEHSRVVLEOH

 5HIUHQFHV

5.X]LDN6:DHQJOHU$GYDQFHGKLJKVWUHQJWKVWHHOVIRUDXWRPRWLYHLQGXVWU\7HFKQLFDO7UDQVIHU'LVSDWFK1R8/6$%$9&%RG\
6WUXFWXUH0DWHULDOV9RO9,,,1R
$&DPROHWWR*0RKLQR67DOZQWLQR0DWHU0DQXI3URFHVVSS±
-RKQ5%UDGOH\6RRKR.LP6FU0HWDOO±
5HLPXQG1HXJHEDXHU 6|UHQ6FKHIIOHU5HLQKDUW3RSUDZH$QGUHDV:HLVKHLW  /RFDO ODVHU KHDW WUHDWPHQW RI XOWUD KLJK VWUHQJWK VWHHOV WR
LPSURYHIRUPDELOLW\3URG(QJ5HV'HYHO±
$$$EODHHY(0%LUJHU99'LYLQVNLF6*'URPRGRY/$0DGYHGRYVND\D0HW6FL+HDW7UHDWSS±
99'LYLQVNLL/$0HGYVHGRYVND\D*$5DLQLQ96YLU6RY(OHFWU(QJSS±
63(GZDUGVRQ-*ULIILWKV*6KHLNKROHVODPL6&ODUN*'HDUGHQ2SWLPL]DWLRQRIEHDPPRGHIRUKLJKHIILFLHQF\ODVHUWKHUPDOIRUPLQJ
ZLWKLQPHWDOOXUJLFDOFRQVWUDLQWV3K\VLFV3URFHGLD9ROXPHSS±
*KD]DO6KHLNKROHVODPL-RQDWKDQ*ULIILWKV6WXDUW3(GZDUGVRQ.HQ:DWNLQV*HRII'HDUGHQ/DVHU)RUPLQJRI(5:VWHHOVTXDUHWXEHVZLWKLQ
PHWDOOXUJLFDOFRQVWUDLQWV6+(0(7FRQIHUHQFH%HOIDVW
-*ULIILWKV0-:5LOH\*6KHLNKROHVODPL63(GZDUGVRQ*'HDUGHQ6KHHW0HWDO*RDO'ULYHQ2SWLPL]DWLRQRI3URFHVV3DUDPHWHUV
IRU0D[LPXP(IILFLHQF\LQ/DVHU%HQGLQJRI$GYDQFHG+LJK6WUHQJWK6WHHOV.H\(QJLQHHULQJ0DWHULDOV9ROXPHSS
-6HQWKLO 6HOYDQD . 6XEUDPDQLDQD $. 1DWKE  (IIHFW RI ODVHU VXUIDFH KDUGHQLQJ RQ (Q $,6,  VWHHO -RXUQDO RI 0DWHULDOV
3URFHVVLQJ7HFKQRORJ\9ROXPH,VVXHV±3DJHV±

